Purpose: To demonstrate the feasibility of the so-called quadrupolar jump-and-return (QJR) pulse sequence by assessing its performance on the contrast modification to knee cartilage and quality of fluid suppression in the knee joint in vivo at 7T. Methods: The right knee joints of five healthy volunteers (3 males: mean age ¼ 32.4 6 1.3 years; 2 females: mean age ¼ 27.9 6 1.0 years; mean age ¼ 30.6 6 2.7 years) were scanned on a 7T scanner with variation of the delay in the QJR sequence from 1 ms to 5 ms. For one healthy volunteer, the QJR scan with the delay of 3 ms and the inversion-recovery (IR) scan were performed. Numerical simulations were conducted to evaluate the effects of B 0 -and B 1 -field inhomogeneities and residual quadrupolar couplings on fluid suppression and tissue contrast, respectively. Results: The QJR sequence suppressed the fluid signal from the artery and produced the contrast of knee cartilage in vivo. Its performance was comparable to that of the conventional IR sequence. Numerical simulations suggested that the fluid suppression may not be affected much by field inhomogeneities but that a distribution of residual quadrupolar couplings and weak RF pulses may interfere with the clear interpretation of cartilage contrast.
INTRODUCTION
The extracellular matrix of articular cartilage is mainly composed of water, collagen, and proteoglycans (PGs) (1) (2) (3) (4) . Collagen and PGs provide the extracellular matrix with its ultrastructure and osmotic pressure, respectively, which together characterize the mechanical properties of articular cartilage. In PGs, a protein core may have many glycosaminoglycan chains attached to it. The glycosaminoglycan chains are negatively charged; thus, a negative fixed-charge density is established in cartilage.
Therefore, cations such as Na þ may be attracted to the tissue, which in turn create osmotic pressure and introduces water molecules (5) . It has been demonstrated that the loss of PGs is related to the degradation of cartilage tissues in diseases such as osteoarthritis and degenerative disc diseases (6) (7) (8) (9) .
The negative fixed-charge density in cartilage makes 23 Na MRI useful for evaluating the contents of glycosaminoglycans or PGs (10, 11) . In the knee joint, sodium ions may exist in the cartilage tissues as well as in the synovial fluids, and a contrast between the cartilage tissues and fluids would improve the sensitivity of 23 Na MRI to the loss of PGs in patients with osteoarthritis (12) . One prevailing sequence for generating cartilage tissue contrast has been inversion recovery (IR) (12, 13) , which exploits the fact that the spin-lattice relaxation time of sodium is longer in the fluid compartments than in the cartilage tissue compartments (14) .
In addition to the shorter spin-lattice relaxation time, sodium ions in cartilage may be subject to residual quadrupolar couplings due to the anisotropic surroundings provided by the ultrastructure of the extracellular matrix (15) . Ex vivo cartilage studies have shown that residual quadrupolar couplings may increase with tissue degradation (16) (17) (18) . One simple method for generating a contrast between the environments with and without residual quadrupolar couplings would be the so-called quadrupolar jump-and-return (QJR) sequence (19) . Whereas the conventional jump-and-return sequence separates signals based on the chemical shift difference between two spin species (20, 21) , the QJR sequence works particularly on a spin-3/2 system and excites signals based on residual quadrupolar couplings.
In this work, we implemented the QJR pulse sequence for 23 Na MRI of the knee joints in vivo. Its performance was assessed in terms of cartilage tissue contrast and quality of fluid suppression while varying its delay. Then, the cartilage tissue contrast and fluid suppression at a chosen delay were compared to those produced by the IR sequence. Finally, the effects of B 0 -and B 1 -field inhomogeneities and a distribution of residual quadrupolar couplings were briefly addressed through numerical simulations.
METHODS

Quadrupolar Jump-and-Return Pulse Sequence
A jump-and-return or 1-1 binomial sequence consists of two pulses with the same flip angle and a delay inserted between them. It is usually used for solvent suppression in NMR spectroscopy and fat suppression in imaging (20) (21) (22) (23) (24) . Depending on the relative phases of the two pulses, one may excite or suppress signals selectively at the frequency offsets determined by a given delay. The signal intensity excited by this sequence will reach the maximum when the flip angle of the pulses is 45 . In contrast to the conventional jump-and-return sequence, the QJR sequence works for a spin-3/2, such as 7 Li and 23 Na. It selectively suppresses a spin species if its residual quadrupolar coupling satisfies the condition 2pf Q t ¼ n, in which f Q is the quadrupolar splitting in Hz; t is the delay; and n ¼ 0, 1, 2, . . . . The quadrupolar splitting f Q is the frequency difference between the central and satellite peaks, which is proportional to the residual quadrupolar coupling (25) . The QJR sequence maximizes the signal intensity of the selected spin species when f Q t ¼ ð2n À 1Þ=2, with n ¼ 1, 2, 3, . . . (19) . Whereas the total signal intensity does not increase, the QJR sequence focuses it onto the central peak, which is beneficial to MRI applications. When the flip angle of the pulse is the magic angle, the satellite peaks are suppressed. In addition, the central peak is enhanced by a factor of ffiffiffi 2 p compared to that excited by a 90 pulse from the thermal equilibrium state, which is about 94% of the theoretical maximum. In this work, the QJR sequence is referred to one in which the flip angle of the pulses is the magic angle.
In Vivo 23 Na Knee 3D MRI After approval from the institutional review board of the New York University Langone Medical Center and signed informed consent, the right knee joints of five healthy volunteers (3 males: mean age ¼ 32.4 6 1.3 years; 2 females: mean age ¼ 27.9 6 1.0 years; mean age ¼ 30.6 6 2.7 years) were scanned on a 7T Siemens scanner (Siemens Medical Solution, Erlangen, Germany) with an in-house-built double-tuned knee coil with eight 23 Na channels and four 1 H channels (26) . The knee images were acquired with Fermat-looped, orthogonally encoded trajectories (27) consisting of three hubs at 45
, each comprising 332 interleaves. The common parameters for the image acquisition were as follows: FOV ¼ (220 mm) 3 ; TE ¼ 0.2 ms; Nyquist resolution ¼ 3.4 mm; acquisition time ¼ 6.6 ms; and number of averages ¼ 6. The durations of RF pulses were 0.4 ms and 0.6 ms for the magic-angle and 90 pulses, respectively. The schematic of the pulse sequence for QJR 23 Na MRI is presented in Figure 1 . Note that the delay time (t delay ) between two magic-angle pulses is defined from the end of the first pulse to the beginning of the second pulse.
First, one reference and five QJR 23 Na knee 3D MRI datasets were obtained for each volunteer, with t delay varied from 1 ms to 5 ms. With the TR set to be 100 ms, the scan time for each 23 Na knee 3D MRI dataset was about 10 min. Taking into account this rather short TR, the reference images were acquired with the magic-angle pulse instead of a 90 pulse. Second, 23 Na knee 3D images were acquired with the QJR and IR sequences for one volunteer. To allow the recovery of the suppressed fluid signal during the IR scan, TR was set to be 140 ms; thus, the scan time per image was about 14 min. For the IR scan, the durations for the 180 inversion and 90 excitation pulses were 1.2 ms and 0.6 ms, respectively. The recovery delay (TI) was 24 ms, which was defined as the time interval from the end of the 180 pulse to the beginning of the 90 pulse. For the reference scan, the same 90 excitation pulse was used. For the QJR scan, the duration of the magic-angle pulses was 0.4 ms and t delay was 3 ms.
FIG. 1. Schematic of the pulse sequence for quadrupolar jump-andreturn (QJR) 23 Na MRI. The flip angle of two RF pulses is the so-called magic angle (MA), and their phases are separated by p. FLORET, Fermat-looped, orthogonally encoded trajectories (27) . 23 Na images of the right knee of a healthy volunteer. The slices in the leftmost column are from the reference scan, performed without the first pulse of the quadrupolar jumpand-return (QJR) sequence shown in Figure 1 . The artery is indicated by yellow ovals. 23 
FIG. 2. Slices from
Na Image Data Processing
The 23 Na images were reconstructed by using standard 3D regridding (28) . The matrix size was 128 Â 128 Â 128, with the nominal resolution of 2 mm. The signal intensities measured with the QJR and IR sequences were normalized voxel-by-voxel to the signal intensities of the reference scan. For individual volunteers, six regions of interest (ROIs) were defined on the artery, patella cartilage, lateral and medial femorotibial cartilage, and lateral and medial femoral condyle cartilage. The distributions of the normalized signal intensities were compared among the QJR images with different t delay values, and between the QJR and IR images.
Numerical Simulations
First, the performance of the fluid suppression for the spin species with f Q ¼ 0 was evaluated by numerically solving the Bloch equations. The components of the magnetization vector at the end of the jump-and-return sequence were obtained at the frequency offsets from À160 Hz to þ 160 Hz every 10 Hz. The flip angle of the pulses was changed from 0 to 100.8 with the step size of 1.44 , and t delay was set to be 3 ms. Second, the signal intensities from quadrupolarcoupled spin-3/2 species were calculated by numerically solving the quantum master equation (29) . For the central and satellite transitions, trfI À .g=trfI 2 z g was evaluated at the end of the QJR sequence, in which trfOg indicates the trace of an operator O; . is the density operator at the end of the QJR sequence; I À ¼ I x À iI y ; and I x , I y , and I z are the x, y, and z components of the spin angular momentum. The quadrupolar splitting f Q was varied from 0 kHz to 2 kHz with the step size of 0.01 kHz. The frequency offset and flip angle of the pulses were set to be zero and the magic angle, respectively.
For both simulations, the duration of the pulses was 0.4 ms and no relaxations were assumed.
RESULTS
The representative slices from the reference and QJR 23 Na knee 3D MRI datasets are presented in Figure 2 and Supporting Figure S1 . The artery is clearly observable on the axial and sagittal knee slices from the reference scan but barely visible on the corresponding slices from the QJR scans. The contrast for cartilage tissues seems to be well retained in the QJR scans and may vary with t delay .
The box plots of the normalized signal intensities against t delay are presented in Figure 3 for individual ROIs and volunteers. In those artery ROIs, the normalized signal intensities grow along with t delay , as seen in Figure 3a . In the patella ROIs, they increase until t delay reaches 3 ms and stay at the similar level for the longer t delay , as seen in Figure 3b . In the femorotibial regions, the medians of the normalized signal intensities fluctuate with t delay , whereas the variances increase, as seen in Figures 3c and 3d . In the femoral condyle regions, the medians and variances of the normalized signal intensities seem unchanging as t delay varies, as shown in Figures 3e and 3f .
The representative slices from the reference, QJR, and IR knee scans are presented in Figure 4 . Both the QJR and IR sequences well suppress the fluid signal from the artery, which is visible in the axial and sagittal slices from the reference scan. In Supporting Figure S2 , the normalized signal intensities are compared between the QJR and IR sequences for the selected ROIs. As for the suppression of the fluid signal from the artery, the IR scan shows a better performance (P ¼ 6:0 Â 10 À81 ). Regarding the tissue contrast, both the QJR and IR scans work in a similar way, except for the patella region wherein the signal intensities were higher with the QJR sequence.
The numerically simulated transverse ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
and longitudinal (M z ) components of the magnetization vector, which were evaluated at the end of the jumpand-return sequence with t delay equal to 3 ms, are plotted in Figures 5a and 5b , respectively, against the frequency offset of the magnetization vector and the flip angle of the pulses in the sequence. Note that M x , M y , and M z are the x, y, and z components of the magnetization vector, respectively. The performance of the QJR sequence, in which the flip angle of the pulse is the magic angle, may be followed along the horizontal dashed lines in Figures  5a and 5b . In addition, vertical dotted lines indicate the frequency offset of 640 Hz, which correspond to 60.507 parts per million of the resonance frequency of 23 Na at 7T. Between the vertical dotted lines, the magnitude of the transverse components could be 60% along the horizontal dashed lines, although 80% of the longitudinal component is returned.
The absolute value of the normalized signal intensities from the QJR sequence is shown in Figure 5c against the quadrupolar splitting f Q and t delay . When t delay is 3 ms, which is indicated by a horizontal dashed line in Figure  5c , the real parts of the signal intensities are presented in Figure 5d . The dashed and dotted lines are the real parts of the signal intensities of the central and satellite peaks, respectively. These plots show that the QJR sequence selects certain ranges of the residual quadrupolar couplings and that its performance gets worse as f Q increases.
DISCUSSION
Any B 0 field inhomogeneities would degrade the performance of the QJR sequence implemented in this study because they cause mismatches between the phases of the transverse magnetization at the end of t delay and the second pulse. For example, the suppressions of the signal intensities in the artery ROIs get worse as t delay increases, as seen in Figure 3a . The numerical study suggests that the suppression of sodium without residual quadrupolar couplings may not be affected too seriously by B 0 -field inhomogeneities when t delay is 3 ms, as shown in Figures 5a and 5b .
It is well known that the arrangement and orientation of type II collagen fibers in articular cartilage depend on the depth from the articular surface (1-4), which is one factor determining the residual quadrupolar couplings inside cartilage. With a rather crude nominal resolution of 2 mm, the signal intensity from each voxel would be the result of an average over the distribution of the residual quadrupolar couplings. Another factor governing the residual quadrupolar couplings is the direction of the B 0 field with respect to the orientation of collagen (12, 14, 16) . The distribution of residual quadrupolar couplings may affect how the normalized signal intensity and its variance depend on t delay .
Due to the long pulse duration, the ideal condition for the maximum signal intensity, f Q t ¼ ð2n À 1Þ=2, with n ¼ 1, 2, 3, . . ., may not be exactly followed. From the numerical data shown in Figure 5d , the effective delay is estimated to be 3.4 ms by considering the f Q values at the maxima of the dashed line, which is the signal intensity due to the real part of the central transition. However, the finite pulse duration does not simply add some additional delay time to t delay . Note that the maxima of the dashed line in Figure 5d do not match the zeros of the dotted line, that is, when the real parts of the satellite transitions are suppressed.
As seen in Figures 5c and 5d , the signal intensity decreases as f Q increases. When the quadrupolar splitting f Q is larger than the excitation range of a 400-ms magicangle pulse, it selectively excites one of the three transitions, and then the QJR sequence would not work as intended. This might be one of the reasons why the signal enhancement was not observed in this study, as seen in Figure 3 and 4. In Figures 5c and 5d , the signal intensity of the central peak is 0.4 when a 90 pulse is applied to excite the signal from the thermal equilibrium state. When Figures 5c and 5d are compared with Figures 3b through 3f , the higher signal intensities in patella ROIs might correspond to the smaller f Q . However, a single value of f Q was assumed in the numerical simulations, whereas a distribution of f Q 's is expected in vivo, which is not known currently. Studies with the different strengths of the B 1 field may reveal more information on the distribution of f Q 's.
The QJR sequence may have advantages over the IR sequence regarding the scan time and lower specific absorption rate. The delay used in the QJR sequence is an order of magnitude shorter than the recovery delay used in the IR sequence. After the second pulse of the QJR sequence, the magnetization vector of the suppressed compartment ends up being close to the original z magnetization. Therefore, the QJR sequence may be more resilient to shorter TR. The RF power delivered by the QJR sequence would be about 40% of that delivered by the IR sequence when the RF amplitudes of the pulses are the same. In our experiments with TR ¼ 140 ms, the specific absorption rate values displayed on the MRI scanner were 16%, 17%, and 47% for the reference, QJR, and IR sequences, respectively. Note that the RF amplitude of the magic-angle pulses, which were 0.4 ms, was a bit lower than that of the 90 and 180 pulses, which were 0.6 ms and 1.2 ms, respectively.
The QJR and IR sequences may improve tissue contrast by filtering out the signals from free fluid compartments. However, 23 Na MRI still suffers from its low signal-tonoise ratio and crude spatial resolution. Resolution enhancement techniques such as the image registration with 1 H MRI (30, 31) can further improve the performance of these contrast schemes.
CONCLUSION
We implemented the QJR pulse sequence for fluidsuppressed 23 Na MRI of knee joints in vivo. This preliminary work demonstrated that the QJR sequence produces contrast for knee cartilage while suppressing the fluid signal from the artery. The cartilage contrast and quality of fluid suppression obtained from the QJR sequence were comparable to those from the IR sequence. Whereas the QJR sequence may have the benefits of reduced specific absorption rate and shorter scan time, the interpretation of its tissue contrast requires more information about the distribution of residual quadrupolar couplings in vivo and a better understanding of how imperfect experimental conditions, such as field inhomogeneities and weak RF power, affect the contrast.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article. Fig. S1 . Slices from 23 Na images of the right knee of a healthy volunteer. The slices in the leftmost column are from the reference scan, performed without the first pulse of the QJR sequence shown in Figure 1 . The artery is indicated by yellow ovals. The other five columns present slices from the QJR scans with varying the delay t delay , which is displayed at the top of each column. Fig. S2 . Comparison of the normalized signal intensities between the QJR and IR scans for the six selected ROIs. In each scatter plot, a dotted line is drawn to show where the signal intensities between the QJR and IR scans are equal.
